Studies of the mechanism, kinetics and thermodynamic constants of VO 2+ and Cu 2+ Ceftriaxone and Ceftizoxime interactions at the pH range between pH 2 and 5 and at the temperatures of 30 º, 40 º, 50 º and 60 ºC, using reversed phase HPLC and ion exchange HPLC, are reported. The effects of pH, temperature and ion concentration on the hydrolysis reaction have been evaluated. HPLC studies provided satisfactory evidence of the reaction mechanism. Mechanisms for Cu 2+ and VO
Introduction
Proper antibiotic characteristics make Ceftriaxone or Ceftizoxime to be among the third generation cephalosporins used in medicine. Our previous work on VO 2+ and Cu 2+ chelation with penicillins has already been reported. 1, 2 Several methods have been proposed for the determination of cephalosporin, such as spectrophotometric, potentiometric or electrophoretic methods [3] [4] [5] [6] [7] [8] [9] and, more recently, HPLC 10 and capillary electrophoresis. 11 In this work, Reversed Phase High Performance Liquid Chromatography (RP-HPLC), has been used to study Cu 2+ -ceftriaxone and VO 2+ -ceftriaxone and Cu 2+ -VO 2+ -ceftizoxime interactions, since this method permits the separation of Cu 2+ and VO 2+ cephalosporin chelates, the corresponding Cu 2+ and VO 2+ cephaloic acid chelates, free cephalosporin and degradated compounds of the cephalosporin molecule. The RP-HPLC method also provides evidence for the stoichiometry and the chelation mechanisms.
Thus, the goal of the present work consists in evaluating the influence of metal chelation in ceftizoxime or ceftriaxone degradation. Apparently only the VO 2+ and Cu 2+ ions cause this processes to take place.
Experimental

Chemicals and reagents
Commercial sodium Ceftriaxone, with 99.80% purity, and commercial sodium Ceftizoxime, with 98.80% purity, tested by the standard methods of the USP 12 at a concentration of 0.5 mg mL -1 , and 7-ADCA (7-aminoceph-3-em-4-oic acid or 7-desacetoxy methyl aminocephalosporanic acid) were supplied by SKF Laboratories (Madrid, Spain).
The 
Buffer Solutions
For the general investigations we used the Sörensen buffer (Table 1) . A constant ionic strength of 0.5 was maintained for each buffer by adding an appropriate amount of KCl. All solutions were freshly prepared and the pH values were taken by a Methrom-Herisau E 520 pHmeter.
Analytical procedure
Effect of pH
The hydrolysis of the Cephalosporin-Metal complex was studied between pH 2 to pH 5 because, at pH values above 6, the hydroxo complexes formed precipitate and mask quantification by HPLC.
Effect of temperature
The effect of temperature was studied at 30º, 40º, 50º and 60ºC.
Effect of ion concentration
The influence of ion concentration was studied in the molar ratios of 0.5:1, 1:1, 2:1 and 3:1. The cephalosporin was kept constant at 1.26 mmol L -1 .
Results and Discussion
Chromatograms from Cu 2+ -ceftriaxone interactions show three peaks, at retention times of 2.8 min (peak I), 4.3 min (peak II) and 4.8 min (peak III), indicated in Figure 1 , with absorption maxima at 201, 240 and 280 nm (peak I), 197, 238 and 279 nm (peak II) and 308 nm (peak III), respectively. Peak II was not seen in chromatograms run at pH 4 and pH 5. Besides, peaks II and III do not appear at the initial time. The chromatogram peaks were directly identified by their UV spectra from the Diode Array Detector and were compared with the spectra of free ceftriaxone and with the 7-ADCA degradation product.
Peak I is assigned to the Cu 2+ -ceftriaxone complex, which has a similar UV-spectrum to uncomplexed ceftriaxone. Peak III is due to a Cu 2+ -cephaloic complex, with typical absorption between 300-320 nm.
1,2 Finally, peak II, with retention time and absorption spectra similar to 7-ADCA, a product of ceftriaxone degradation, can be ascribed to a Cu-7-ADCA chelate.
Chromatograms of VO 2+ -ceftriaxone interaction show the same profile, but the retention times are different (2.3 min, peak I; 4.0 min, peak II, and 4.7 min, peak III). NaOH diluted with distilled water to 1L. Peaks from free ceftriaxone (1.8 min) 13 are not present at all in any chromatogram.
The chromatogram from Cu 2+ -ceftizoxime interactions shows four peaks, at retention times of 6.8 min (peak I), 8.1 min (peak II), 4.3 min (peak III) and 5.8 min (peak IV), as indicated in Figure 2 , with absorption maxima at 201, 240 and 280 nm (peaks I and II), 197, 238 and 279 nm (peak III) and 308 nm (peak IV), respectively. Peak III is not present in the chromatogram at pH=5. Peaks III and IV do not appear at the initial time. The chromatographic peaks were also identified by comparing the UV spectra from the Diode Array Detector with the spectra of free ceftizoxime and with that of the 7-ADCA degradation product.
Peaks I and II are attributed to two isomers of a Cu 2+ -ceftizoxime complex. Peak IV is due to a Cu 2+ -cephaloic complex, with an absorption maximum between 300-320 nm. Finally, peak III, with retention time and absorption spectra similar to 7-ADCA, a product of ceftizoxime degradation, can be ascribed to a Cu-7-ADCA chelate.
The chromatogram of VO 2+ ceftizoxime interaction shows the same profile, but the retention times of the peaks are different (5.8 min, peak I; 7.1 min, peak II, 3.9 min, peak III and 4.8 min, peak IV).
The two peaks attributed to free ceftizoxime (1.4 min and 1.6 min) 14 are not present in any of the chromatograms. Commercial ceftizoxime has two isomeric forms, Z-syn and E-anti, which are separated under our chromatographic conditions.
It is reasonable to think, on the basis of the HPLC results from the reactions of ceftriaxone with Cu 2+ and VO 2+ , that metal ions interact with the ceftriaxone through the formation of a five-member chelate (peak I). By this way, Cu 2+ and VO 2+ would accelerate the hydrolysis of ceftriaxone resulting in the formation of a cephaloic acid chelate (peak III). Additionally, Cu 2+ -7-ADCA and VO 2+ -7-ADCA complexes are formed (peak II) at pH between 2 and 3. The interaction mechanism for the Cu 2+ -ceftriaxone complex is shown in Figure 3 . Similar effects happen with the ceftizoxime interaction. 
Chelate stoichiometry
By plotting the peak area of Cu 2+ -ceftriaxone and VO 2+ -ceftriaxone chelates (peak I) obtained by the RP-HPLC method versus the Cu 2+ /ceftriaxone and VO 2+ /ceftriaxone molar ratios (0.5:1 to 3:1), at pH 2 to pH 5, an inflexion point was observed at a 1:1 molar ratio (see Figure 4) in correlation with the stoichiometry of the complex. Plots obtained from ceftizoxime are similar.
Equilibrium reaction
Kinetic constant
According to results observed using the RP-HPLC method, in order to determine the kinetic constants for the cupric and oxovanadium ceftriaxone and ceftizoxime chelate formations, we assume that the following equilibrium reaction may occur:
With an equilibrium constant:
Since the VO 2+ ion was not detectable under our chromatographic conditions, we used VO 2+ in excess, in order to consider, in the equilibrium constant, the unreacted VO 2+ concentration as the initial analytical concentration.
Values of log K e at different values of pH are shown in Table 2 .
Thermodynamic constants
Calculations of ∆G°, ∆S° and ∆H° values are also shown in Table 2 . The calculated enthalpy change for the complexation between Cu 2+ and VO 2+ and ceftriaxone was found to be between of 24-38 kJ mol -1 (37-46 kJ mol -1 for ceftizoxime). The change in free energy was around -3.5 kJ mol -1 and the entropy change in the range of 85 to 130 J mol -1 (127-147 J mol -1 for ceftizoxime). These ∆Sº values are to be expected for chelate formation.
Hydrolysis reaction
Now, we assume that the next reaction of the Cu 2+ and VO 2+ ceftriaxone or ceftizoxime complexes is a non-equilibrium hydrolysis reaction, as described in equation (3):
We have evaluated the effects of pH, temperature and ion concentration on this hydrolysis reaction, through the observed kinetic constants and the Arrhenius heats of activation.
Effect of pH
The logarithms of the observed kinetic constants versus pH, for the hydrolysis of the cupric-ceftriaxone chelate, show a minimum rate at pH 5 ( Table 3 ). The series pH 2 > pH 3 > pH 4 > pH 5 indicates a better stability at pH 5. Similar processes were encountered for the VO 2+ -ceftriaxone complex. If we compare the observed constants for the free ceftriaxone hydrolysis reactions with those of the cupricceftriaxone complex, at a 1:1 molar ratio, a situation of lesser stability is seen in the ceftriaxone values at pH 2 (k 3 of 0.584) and pH 3 (0.463) at 30 ºC, 15 in relation to the Cu 2+ -ceftriaxone complex (0.082, pH 2 and 0.062, pH 3). These effects are less at pH 4 (0.162 vs. 0.065) and pH 5 (0.140 vs. 0.069). The same happens in the case of VO 2+ -ceftriaxone. The degradation rate constants are of first-order, according to the best values of the correlation coefficient. 13 However, the logarithms of the observed rate constants versus pH for the hydrolysis of the cupric-ceftizoxime chelate show a minimum rate at pH 2 (see Table 4 ), with an order of pH 2 < 3 < 4 < 5, which indicates a better stability at pH 2. Similar processes were encountered for the VO 2+ -ceftizoxime complex. If we compare the observed constants for the free ceftizoxime hydrolysis reaction with those of the cupric-ceftizoxime complex, at a 1:1 molar ratio, a situation of lesser stability is seen in the ceftizoxime values at pH 2-3 (k of 0.172 and 0.091 at 30 ºC), 14 in relation to the Cu 2+ -ceftizoxime complex (0.015 and 0.042). These values are similar at pH 4 (0.044, 0.043) and 5 (0.075, 0.072). The same is observed in the case of VO 2+ -ceftizoxime. The degradation rate constants are also of first-order, according to the best values of the correlation coefficient. 14 
Effect of temperature
The temperature dependences of the hydrolytic reactions of the cupric and vanadium chelates in buffer solutions were determined by measuring the first-order rate constants at various pH and Cu 2+ or VO 2+ concentrations. Also, constant ionic strengths of 0.5, at 30º, 40º, 50º and 60 ºC, were considered useful for these assays. The calculated Arrhenius heats of activation are shown in Table 5 . 2+ and VO 2+ complexation in the ceftriaxone decomposition reaction are evident at pH between 2 and 5, because the rate constant is lower than that with uncomplexed ceftriaxone. With ceftizoxime these effects are evident at pH 2 and 3, but not at pH 4 and 5, where the observed constants are similar to uncomplexed ceftizoxime.
The 7-ADCA degradation product of ceftriaxone also gives rise to these reactions at pH 2 and pH 3 and the 7-ADCA degradation product of ceftizoxime also participates in similar reactions at pH between 2 to 4.
